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TURBUIENTDENSITYFLUCTUATIONSBYAN OFT’ICALMETEOD

By HowardA. StineandWarrenWinotich

IwMMARY

Ananalysisshowsthatthescatteringofunpolarizedplanelight
waveswhichpenetrateturbulent,transparentgasesprovidesa measureof
theaverageiqtegralscaleandintensityoftheturbulentdensityfluctu-
ations.The&inalysisisbaseduponthescatteringcoefficientdeduced
by BookerandGordonand,thus,assumesisotropicfluctuationshavingan
exponentiallydecaying(Markoffian)correlationfunction.Photcnnetric
datatakenthroughturbulentboundarylayersin airsrefoundto confozm
functionallywiththeamslyticalprediction.

Introduction

Theeffectofrandomvariationsinindexofrefractionoftheatmos-
phereonthepropagationofelectromagneticwaveshasrecentlyreceived
widespreadtheoreticalconsideration(refs.1 to 3). Attention,inthe
main,hasbeenconcentratedontheproblemofthe“forwardscattering”
of vhfanduhf radiowaveswiththeintenttoexplainunexpectedlyhigh
signalstrengthswhichexistbeyondthelineof sight.Ingeneral,it
hasbeendemonstratedthatthisscatteringofbesmedradiationoutofthe
lineof sightcanbe explainedby postulatingreasonablevaluesforthe
intensitysadscaleofturbulentdensityfluctuationsintheatmosphere.

An analogousscatteringoccurswhena waveofvisiblelighttraverses
a turbulentboun~y layer,wake,or jet. Thesignificantinterestin the
scatterphenomenonforlighttransmissionisnotreceptionbeyondtheline
of sight,buttheexaminationofthescatteredlightfieldwiththeintent
ofdeducingtheturbulentparametersthatgiveriseto scattering.

Mepmann(ref.4) studiedthefluctuationsinthedeflectionangle
ofa lightraypassingthrougha turbulentboundarylayerandobtained
themeansquaredeflectionintermsofthecorrelationfunctionandthe

n meansquarefluctuationsinrefractiveindex.Theresultsatradiowave
lengthsandLiepmann’sanalysissuggestthatmeasurementsinthescattered
fieldcanbeappliedtodeterminetheturbulentpropertiesofthemedium.G

Thepurposeofthisreportisto describean opticslmethodfor
measuringtheaverageintensityandintegralscaleofturbulentdensity
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2 NACATN 3719

fluctuationsintransparentgases.‘lbmethodreliesuponthehypothesis ,’
thattheturbulentfieldcanbeuniquelydefinedintermsofthescattered
electromagneticfieldwhichariseswhena planewavepassesthroughthe
turbulence.Photometricexplorationofthescatteredfieldcanthenbe
interpretedwiththeaidofexistingtheorytoyieldtheturbulencestruc-
tureascharacterizedby theinte~alscaleandaverageintensityofthe
densityfluctuations.Theapplicationofforwsmdscatteringtheoryto
suchmeasurementswasdiscussedina paperby StineandWinovichgiven
beforethejointmeetingoftheAmericsnandMex3canPhysicslSocieties
tihkXiCOcity, August31, 1955. Thisreportisanexpandedversionof
thepaper.

Thesignificanceofthetheorydevelopedhereisthatitprovidesa
meansformeasuringturbulentdensityfieldsby relativelysimpleoptical
methods.AlthoughthetechniquehasI_hitations,ithaEthesingular
advsntageofrespondingonlytodensityfluctuationsas opposedtothe
mixed-responsesignalofthehot-wireanemometer.Thus,itpromisesto
be especiallyapplicabletoturlmlencemeasurementsin compressibleflows.
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velocityofMght in a vacuum,ft/sec

Gladstone-Daleconstant,0.117fts/slug(eq.(A6))

focal-planeapertureMameter,ft (fig.2)

averageintensityoflight,watts/ft2

intensityortransmittanceratiorelativetoincidentwave

focallengthoftelephotometer,ft (fig.2)
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T dimensionlessgroupingindicativeoftheprincipalscat-

teringanglefortheMarkoffiancorrelationfunction
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dimensionlessgroupingindicativeoftheprincipalscat-

teringanglefortheGaussiancorrelationfunction

integralscaleofdensityfluctuations,ft

distancethroughturbulencealongpathofprimwybesm,ft

velocityoflightinair,ft/sec

w

—.. ——. .



NACATN 3719

t

..

P

0
~
z

a

E

V

e
eM
A

P“
P
u

w

x

Gauss

‘M

s

T

Mark

o

f

(-)

power=SOCiateawithelectromagneticwave,watts

correlationfunctionforturbulentfluctuations,di.mensionleas

attenuationcoefficient,ft-l

absolutedielectricconstant,(emu)21b-xft-4sec2

()
indexofrefraction+

scatteringangle,radians

half-anglesubtendedbyfocal-planeaperture,tan-l~, radians
2F

wavelengthofradiation,ft

absolutepermeability,lbft2(emu)-2

aensity,slug/ft~

scatteringcrosssection(steradianft)-l,equation(6)

solid

single

eManglecorrespondingto e, steradians,& = sinz~

betweenincidentelectricvectorandthescatteredray

SubscriptsandSuperscripts

Gaussianformofcorrelationfunction

valuemeasuredbytelephotometerwiihfocal-planeaperture9M

scattered

total

Wrkoffianformofcorrelationfunction

valueassociatedwithincidentwave

valuepertainingtomeasurementsina vacuum

meanvalue
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‘mECRY

Considerationisdirectedfirsttowsrdanapplication
scatteringtheorytotheattenuationofa planelightwave

d

ofthepertinent :
traversinga

scatteringmedium.TOthisend,considerthetelephotometersystemshown
sch&maticaU.yinfigure1. A uniform,parallelbeamofmonochromatic
lightisdirectedthrougha turbtientmetium,~ergoesscat~r@3~~d
isreceivedbya telephotometer.Thescatteredfieldisexsminedatthe
focus0$thetelephotometerbymeansofcalibratedaperturesusedincon-
junction&@ a photmultipliertube.Theactionofthesxiallysymmetric
telephotometeroffigure1 isshownschematicallyinfigure2. Thesketch
illustratesthepropagationpathforoneofthescatteredrsysthatjust
impingesontheperipl+=yoftheape*. By thegeometryofthesystem,
all raysscatteredthroughanglesgreaterthan eM arerejectedbythe
instrument.Solow as& -e eM is@ficientlysmsXL,allother
rsys_ ‘“thisanglewiththeopticalaxiswillalsoimpingeonthe
,peripheryoftheaperture.Thus,itisclearthattheangle13inthis
casei8jU8teq~ to_bh!!3~ ape=e ofWe tdeph.otometer,6M.
TheinstrumentwithanapertureeM,&n, recordsody tho8er~8 8cat-
teredthroughanglesthatdonotexceedeM. Astheapertiesize
increases,thetelephotometerreceivesa greaterpercentageoftheSCat-
teredpower,andthetrsxwtitt~ceratio*rivedfromobservations~th
thetelephotometerincreases.

Fora givenfocal-pl.aneapertie,W at~nuationt~t occurs-as*e
li@tbe- traversestheturbulentmediumisgovernedbytheconsiderations
whichfollow.Itisknownthataggregationsofparticlessuchasair,
smokeinair,andaerosolsattenuateabesmofparallelmonochromatic
radiationincloseaccordwithLaibertts~onentiallawforhomogeneous
media(refs.5,6, and‘i’),whidIstates-t me P=”=ntsgeofintensitY
lossisproportionaltothedistancetraversed:

m
—=-adyE-

(1)

Theattenuationper
lengthandstateof

footofpenetration,a,isdep=denton* ~ve-
.

polarizationoftheincidentraMation,thestructure
ofthescatteringparticles,smdtk titensityoffluc~tionsinP~icle
numberdensity.Ordinarily,a isconsideredasconsistingoftwodis-
tinctparts,anabsorptioncoefficient~d a scatter@3coefficient)to
distinguishbetweentheintensitydecreaseduetoMsappesranceofvisible
lightintoradiationatotherfrequencies(suchasheat)endthatdueto
deflectionofvisiblelightfromthedirectionofprg propagation.
Becausevisiblelightisabsorbedonlyveryslightlybyair,theattenua-
tionperfootinequation(1)canbetakenasthatduetoscatteringof
theradiation.

Animportantconsequenceofthe~onentialformofLsmbert?slaw
isthatmeasurementsmadeontwoormoreidenticalscatteringlayers
canbereducedtoa unitpenetration.33?theradiationpassesthrough

.- .. —.. . — -.



NACATN373-9 5

n identicallayers(orisreflectedbackalongthessmepath n times),
thelogarithmicsolutionofequation(1)fora constantmeanscattering
coefficientrelatestheenergy10ssfora unitpenetrationtothetotal
10SSfor n unitsofpenetrationby

(2)

whereE/E. isthetransmittanceratioandthesubscriptsrefertothe
ratioofthepathlengths.Forexemple,iftheradiationpassesthrough
twoidenticallqmrsandismeasured,theequivalentlossforonel-r
isobtainedbytakingthesquarerootofthemeasuredquantiw.

Considerationisdirected,secondly,totheeffectsoftheturbulent
densityfluctuationsontheattenuationofa lightbeamthatobeysLsmbertts
law.Thestructureoftheturbulenceaffectsthetransmittanceratioby
enteringintothespecificationoftheattenuationorscatteringcoeffi-
cient,a. Light,consideredasanelectromagneticwave,consistsofan
electricfieldanda magneticfieldwhicharemutuallyperpendicularto
eachotherandtothedirectionofpropagation.AEthelightwavetrav-
ersesa mediuminwhichtheparticlenumberdensityfluctuates,theinter-
actionoftheelectronsassociatedwiththeparticlesandtheelectric
fieldofthewavecausesa
*ionisa manifestationof
magnitudeoftheintensity
tionalpartoftheprimary

Theratioofthescattered

reradiationofenergytooccur.Thereradia-
te accelerationsofthelightwave.The
ofthescatteredraysisexpressedasa frac-
beemintensity

P8= UEO (3)

powertotheincidentintensityisdenotedby
u,termedtheclassicalscatteringcoefficient.Bydefinitionof u,&e
incidentradiationfallingona unitareaofa surfaceperpendicularto
theprimarybesmlosesa fractionofitsenergyequalto cr.Thus,in
tit timethemediumscattersasmuchradiationasfallsonanareaequal
to a;and,forthisreason,u iscommonlyreferredtoastheclassical
crosssectionforscattering.

Inpassingthrougha scatteringvolume,anelectromagneticwave
undergoesscatteringinalldirections.Thisphysicalresultisembodied
intheconceptofthescatteringcrosssectiondescribedpreviously.
Specifically,thescatteringcrosssectionisdefinedasthefractionof
theincidentradiantfluxscatteredperunitsolidangleperunitvolume.
Whena volumecontaininga turbulentmediumisviewedoverthesolidanglee W1to+, theaverageattenuationcoefficientisfoundbyintegratingthe
scatteringcrosssectionoverthesolidanglerange:

u

J’*a= Cr(w)dw (4)
(AIL
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6 IwA m 3719

wherec(u)representsthescatteringcrosssectionintermsofthesolid
angleu. Forline-of-sightpropagationandaxiallysymmetricreceiving
systems,thesolidanglew isrelatedtothescatteringanglee,meas-
uredfromthedirectionofprimarypropagation,bytheidenti~

(5)

ThescatteringcrosssectioncanbefoundbysolvingMsxwell?swave, equationsina regioncharacterizedbya fluctuatingMelectricconstant
= % + Ae withthe AeSs correlatedinspacebya correlationfunction

&). BookerandGordon(ref.1)obtaineda specificationofthescat-
teringcrosssectionfora turbulencemodelwithisotropicfluctuations
anda spacecorrelationthatobeysanexponential(Markoffian)decaylaw.
Theirresultis:

(6)

Forforwardscattering- whichoccursatnearlyrightanglestothe
incidentelectricfield- theterm sinz%canbetakenasunity.This-
simplifiesthescatteringcrosssectionsothat

H!w(!sf’a(e) = (7). .

[1+(%9sin2:s
Fromequation (7), it canbeseenthatthepowerdistributioninthe
scatteredfieldissymmetricalaboutthepropagationaxisandispropor-
tionaltothemeansquareofthedielectricfluctuations,(AE/E)2,and
isalsodirectlyproportionaltothecubeoftheintegralscale,Z.
Equation(7)indicatesthatthetransmittanceratiowillbeconsiderably
affectedbyrelativelysmallchangesintheturbulencestructure.The

%igorously,theforwardscatteringassumptionneednotbeintro-
ducedhere.Equation(6) isina formapplicabletopolarizedradiation;
butitcanbemodifiedtobeapplicabletounpolarizedradi.ationby
replacingtheterm sinz%by1 + cos%3/2(ref.8). Forthesmallangles
associatedwithforwardscattering,thelattertermisalsoessentially
unity.Inthesubsequentdevelopment,theresultsareunalteredbythe
simplificationemployedhere.

. —- .—— - —-.Z..- — —. -.



NACATN3719 7

turbulentdensityfluctuationsaresimplyrelatedtofluctuationsinthe
dielectricconstantasshowninAppendixA.

- simplificationofequation(6)toequation(7)byrestricting
thediscussiontoforwardscatteringcanbejustifiedbyconsideringthe
effectsonthecrosssectionoftheratio4arZ/A.Byintegrationofequa-
tion(7)overthelimitszerotoanarbitraryscatteringangle0,the
scatteredpowerfoundwithintheconegeneratedbythecorrespondingsolid
anglecanbeobtained.Theresultofsuchsnintegrationis:

P 1- Sin=;
:1-—

‘s,T
1+

Thehalf-powercone,then,occursfor

()M, 2s-Jn2 E
A 2

theanglethat

Inanticipationoftheresult,thesinecanbereplacedby theangleitself
andthefactor2 neglectedto-definetheprincipfiscatteringcon=asone
witha half-anglegivenby:

e=~
2Yr2

Upontaking1/10inchasanorderofmagnitudeoftheintegralscalein
a turbulentboundaryl~r andusing2xI.0-5inch(5200A)forthewave
lengthoflight,onefindsthatthehalf-powerconehasa half-angleof
about2xl.0-5radisns(about4 secondsofarc).Thisjustifiestheassump-
tionthatthescatteredwaveisbeemedmainlyintheforwsxddirection.
Thepowerpolardiagramofthescatteringcross-sectionfunctionshownin
figure3 represents the scattering from a unit volumeof turbulenceand
illustrates the correspondinghalf-power cone described previously.

A generalexpressioncannowbederivedrelatingtheratioofthe
measuredintensitiesthatresultwhentwoarbitrarilysizedapertures
thatsubtendsolidangles~ andw (~ > ~) areplacedinthefocal
plaueofthetelephotometeroffigure1. Equation(1)canbeintegrated
inclosedformbyutilizingthescatteringcross-sectionexpressiongiven
byequation(4).titegrating(1)betweenthelimits~ tow andthen
O toy gives

1~

~ng= y *
EM adudy (8)

. - ... . —- ..——— —— —— — — — -—.—
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l~enthesecondaperture,w, iSselectedto1=muchl..=%=t~ themr-
turethatreceivesthehalf-powercone,virtuallytheentirescattered
fieldcanbereceived.Forthiscondition,theupperlimit~ (in
eq.(8))canberelaxedto4fi;and E2 canbereplacedbyEo,theinten- .
sityassociatedwiththeincidentwave.Inpracticeunderconditionsof
fozyardscattering,thisreferenceapertureisactuallysmallbecausethe
half-powerconeitselfissmall.Theintegrationcsnbereadilyaccom-
plishedwiththeaidoftheidentityrelating~M-~ (eq.(5))and
thescatteringcrosssectionofeqmtion(7). After integrating andusing
the assumptionthat theintegralscaleofthefluctuationsisindependent
ofdepthofpenetration,oneobtainstheequation

where

●

EM
Zn—=-~ ( )
E.

@:J l-si=’2fM

( )
l+ Ksin2~

()4X22K=~

Withsomerearrangmnt,thisbecomes
(A ‘l):

forthetelephotometer:

-1 1 l+K

(9)

(lo)

Thisformofthetelephotometerequtionrelatesthetransmittanceratio
EM/Eomeasuredbythetelephotaneterwitha focal-planeapertureOM to
theturbulencestructurecharacterizedbytheintegralscaleandaverage
intensityofturbulentfluctuations.Substantiallythessmeresultoccurs
fortheassumptionofa Gaussianformforthecorrelationfunction
(AppendixB).

Theformofthetelephotometerex&ession(eq.(10))issignificant.
Asshowninfigure4,a plotofthetransmittanceratiofunction
-l/Zn(EM/Eo)islAnearwiththeaperturefunctiontan2(eM/2).Onthe
linesrplot,themeanstructureoftheturbulenceiscontainedinthe
slopeandintercept- orgraphically
The x andy axisinterceptsdefine
intensityofturbulentfluctuations,

inthe x sndy axisintercepts.
theintegralscaleand
respectively.Thus,a

average
seriesof

IA

,

— .- ——. . .—. —. ._ ——-. . ..— —..——.- .- . —. ----



IJACA!I’113719 9

attenuationmeasurementsobtainedfrcmphotometricsurveysofthelight
fieldofa givenwavelengththroughaperturesof
yieldvaluesoftheunknownturbulentparameters.

varyingdismetercan

ExPERIMEm RESULTS

Figure5 showstheextenttowhichtheforegoinganalysisisborne
outbyexperiment.Thetelephotometerarrangementwassimilartothat
shownschematicallyinfigure1;andthedensityfluctuationsoccurred
inthetwoturbulentboundarylayersonthesidewallsofthe1-by3-foot
supersonicwindtunnelno.1 attheAmesAeronauticalLaboratory.Free-
stresmconditionsweremaintainedconstantandthebounds.rylayerswere
alteredfromthenormalsmooth-wallcasebothbymeansofsingleroughness
elementslocatedupstreamofthethroatandbandsofdistributedroughness
ofdifferentextentalongthetunnelsidewalls.~ansmittanceratios
measuredwitha setoffocal-planeaperturesareplottedinthefunctional
formsuggestedbyequation(10)foreachboundary-layerconfiguration.
Thelinearresultpredictedbytheanalysiswasobtained.Forthecondi-
tionsshown,theintegralscalesrangefrom1/10tol/25oftheboundary-
lsyerthickness,andtheaveragefluctuationintensitiesrangeuptoabout
5 percentofthemeanboundary-layerdensity.Amlogowvaluesof2/5 atd
5 percentfor
Klebanoffand

Overthe

velocityturbulencehavebeen
Diehl(ref.9).

DISCUSSION

measuredinlow-speedflowsby

rangeofflowconditionstested,thetelephotcmeterdata
exhibitthefunctionaldependencebetweentra&mittanceratioaudaperture
functionpredictedbytheanalysis.Thisexperimentalsgreementlends
weighttotheassumptionsmadeintheanalysisandallowsinterpretation
ofthe x andy sxisinterceptsofequation(10)(fig.4)intermsof
theturbulenceparameters.However,theinterpretationplaceduponthe
interceptsisinfluencedbytheturbulencemodelusedintheanalysis.
Inparticular,theinterpretationisaffectedbythemathematicalform
ofthecorrelationfunction.

Thespecificationofthescatteringcrosssection(eq.(6))is
directlyinfluencedbytheformofthecorrelationfunction.Thescat-
teringcrosssectionusedinthispaperisbasedupontheMarkoffian

( )correlationfunctionR(y/z)= e-(y/Z). Thisformwasselectedbecause

ithasbeenfoundapplicabletoforwardscatteringphenomenaintheradio-
frequencyportionofthespectrum.Itshouldbenotedthatthisformis
notnecessarilythebestforapplicationtolightscatteringbyturbulent
boundarylayers.

.

..—. —. . .. . -_— -—. —... .— -— ~ — - — —- .—-—-—-
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Physically,
characterizedby

thecorrelationfunction
zeroslopeattheorigin

MICATN3719

obtainedby measurementsis
whichcanbe ascribed to vis-

cousdampingovera regioncharacterizedbythemicroscaleofturbulence
(ref.10).TheMn?koffianfunctiondoesnotpossessthisproperty.A

( )Cauchyform R(Y/Z)=1/[1+(Y/Z)212 (OraGaussimformR(y/Z)=e-(y/Z)2)
ofcorrelationfunctionisphysicallybettersuitedbecausetheslopeis
zeroattheoriginforthesefunctions.Usingthecrosssectionexpres-
sionsobtainedunderthesetwoassumptions(WheelonandMuchmore,ref.3,
P.1452),onecanobtaintheeq~tionfortie*lephotome*rforthese*o
forms. FortheCauchyform,theresultleadstoa functionaldependence
thatisnotverifiedbytheopticaldata.FortheGaussianform,however,
thetelephotometerexpressionisessentiallyidenticaltoequation(10).
Thedifferencesbetweenthetwoforms(eqs.(10)and(B~))areconfined
tonumericalconstantsaffectingthemagnitudesoftheintegralscaleend
intensityoffluctwtionsdeducedfromthedata.Theinterpretations
assignedtothe x andy axisinterceptsarethessmeforbothcases
(MsrkoffianandGaussian).Fora givensetofdata,SUti= ~ oneof
theconfigurationsshowninfigure5,theGaussiauinterpretationofthe
interceptsleadstovaluesthatdifferbyfactors
fromthecorrespondingvaluesfromtheMarkoffian

of2 (approximately)
assumption:

‘Gauss= 2ZMark

Anexperimentdesignedtomeasuretheintegralscaleandintensitysimul-
taneouslybyanindependentmethodisrequiredtoshowwhichassumptionis
themoreapplicabletotheturbulentboundarylayer. #

CONCLUDIIJGREMARKS

Tosummsrize,ithasbeenshownanalyticallythatplanelightwaves
traversinga turbulentboundarylayerundergoforwardscatteringwhich
introducesa reductioninthetransmittanceratio.Further,ithasbeen
demonstratedthatphotometricdataobtainedbymeasurementstakeninthe
scatteredfieldareinfunctionalsgreementwiththepredictionsofthe
-is . Theinterpretationofexperimentaldataintermsoftheturbu-
lenceparameters,however,*pe* upon* ~bfiencemodelemPIoyed~
isindoubtbyatleasta factorof2 forthemodelsstudied.

the
Theprincipaladvantage
phenomenonofscattering

of
is

theopticalmethoddescribedhereisthat
dependentonlyonthedensztyfluctuations.

_. .-. -.
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Themeasurements,therefore, axe not hamperedby a mixedresponseto
several fluctuating variables as is the hot-wire anemometer.Otheradvan-
tageousfeatures are that no probe anda minimumof electronic circuitry
is reqyired.

Thegreatestlimitationofthemethodisthat,inherently,theresults
obtainedareintegratedaveragesoverthevolumeofturbulenceirradiated
bytheincidentbeam.Also,thepossibilityexiststhatforconditionsof
highlosses,theresultscanbecomeseverelycontaminatedbytheeffects
ofsecondaryscattering,whichwereignoredthroughouttheanalysis. . .

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Cal-if.,Apr.9,1956
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APPENDIXA

RELATIONSHIPBETWEENDIELECTRICFLUCTUATIONS

ANDDENSITYFLUCTUATIONSFORAIR

Forthesystemofunitsforce,length,time,andelectromagneticunit
ofcharge(emu],the

Thevelocityofwave

Therefractiveindex
lightina vacuumto

wavevelocity-in&. &ium-isgivenby (r~f.8)

&.v

propagationina vacuum

—=
&c

(Al)

isthespeedoflight

(A2)

ofa mediumisdefinedbytheratioofthespeedof
thespeedoflightinthemedium:

(M)

Forgases,thepermeabilitytoelectromagneticradiationisessentially
thatfora vacuum;thedielectricconstant,however,differsby small.,
measurableamounts.Forgases,then,therefractiveindexisgivento
goodapproximationby:

(A4)

Squaringthelogarithmicdifferentialofequation(A4)yieldstherelation
betweenfluctuationsintherefractiveindexsndthedielectricconstant
ofthemedium:

(A5)

Forair,therefractiveindexisgivenby
8

~ =l+cp (A6)

. ..__ —._— _ —._ .— — — —



NACATIV3719 13

whereC istheGladstone-Daleconstant,0.117ft9/slugat5200A.
Combiningequations(A5)and(A6)givestherelationbetweentielectic
fluctuationsanddensityfluctuationsforair:

●

(A7)

- . — . -.—— —-- -—--— .---.-— — ——. . —. ——..- -— ——.-—- .. . .——
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The
Gaussian
p.1452,

where

APPENDIXB

TEIEPHOTOME!CEREQUATIONFORTHECASECl!lA

GAUSSIANCORRELATIONCOEl?TICIENT

scatteringcrosssectionderivedundertheassumptionofa
formofthecorrelationcoefficientis(WheelonandMuchmore,
ref.3)

(Therelationbetweenthesolidangleandthescatteringangle

(Bl)

(B2)

isthe
~~ntity given preciously (eq. (5)] u/4fi =sin=(6/2)). For caaes of for-
wardscatteringwhereinessentiallyallofthescatteredenergycanbe
foundwithinverysmallso~dangles,theupperlimitinequation(8)can
betakenas 4fiasbefore.carryingouttheintegrationofeqpation(8).—

usingequations(Bl)and(B2)andnotingthat e-k <<e-@(ti4X),One

(B3)

ForthesmalJanglesencounteredinforwardscatteringmeasurements,the
firsttwotermsoftheexponential~ion canbeusedtoobtain:

(B4)

or
. .

.“.: .

..-
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-1 1 1&—

wherethesinehasbeenreplaced

1+— K
Y—

2G y
J’()

A~2
T w

f%
-tSJ.F~ (B5)

bythetangenttocorrespondtoequa-
tion(10).Comparisonofequations(B5)and(10)showsthattheforms
aret%essme;thedifference
coefficients@2 end2~
K isessentiallyequivalent

betweenthetworesultsliesintheconstant
thatarefoundinequation(B5).Theterm
to1 + K becauseK>>l.

.—---- ..—.— —- .— .— — - -. ——— — -—. . -
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Figure2.-Schematicviewillustratingthatonlythose’r~sthatare
scatteredthroughanglesthatarelessthanthehalf-angleofthe
focal-planeaperturearereceivedbythetelephotometer.

.

“

.,

--.——-——. — .-—

.

.—-.



NACATN3719 19

,
u

Principal scattering conecontaining:ne-
half scaltered radiation: half-ancyle~ p, \

Polar diagramof intensityof scattered
wave. (Equation(7)) /
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Figure3.- Principalscatteringconeforanincidentplanewaveforthe
scatteringcrosssectiongivenbyBookerandGordon(anglesgreatly
enlarged).
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I

Figure~.-I&edictedlinearformofthetelephotometerequationshowing
theaverageintegralscaleandintensi~ofturbulentfluctuationsin
termsofthe x andy axisintercepts.
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:onflguratlon Wall condition

I Smooth walls

2 Single roughness elements

3 Distributed roughness; 90 in.

4 Dlstrlbuted roughness; 100 In.
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Fl&ne 5.- Demcmstrationof the Ilneardependenceobt~ned for telepho@m&er measurementsin the
scatteredlightfieldfor fIxedfree-streamconditionsand variableboundm’y-leyerthicknesB.
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